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Abstract 
A unique experimental attempt aiming to obtain a uniform magnetic field space as required for NMR has been carried out with 
use of HTS bulk magnets. The magnetic poles were activated as 1.8 T (North) and 1.4 T (South) at 30 K by applying a pulsed 
magnetic field up to 7 T, and positioned face-to-face with gaps less than 70 mm. The uniformity of the magnetic field required 
for detecting the NMR signals is less than 1,500 ppm at more than 0.3 T in the cross sectional plane of 2 x 2 mm2. After the 
preliminary trials which revealed a uniformity of 5,421 ppm at 0.44 T in a 70 mm gap, we attached a ferromagnetic iron plate to a 
magnetic pole surface to change the magnetic field distribution to be concave. The best uniformity of 358 ppm at 1.11 T was 
obtained at 9 mm distance from the iron plate surface in a gap of 30 mm. It is stated that the concave magnetic field distribution 
was compensated by the counter conical-shape field, resulting in the uniform field plane. 
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1. Introduction 
Magnetic field generators with various forms, sizes, and magnetic field distributions have been constructed with 
use of melt-processed HTS bulk magnets (abbreviated as bulk magnet), and examined for practical industrialization 
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of intense magnetic fields (Tomita and Murakami (2003), Oka et al. (2003), Noto et al. (2003)). The industrial 
features of bulk magnets were evaluated with respect to other magnetic field generators (Oka (2007)). The bulk 
magnets coupled with refrigerators are characterized by their intense and compact magnetic field. It is known that 
they exhibit quite peculiar distributions of the trapped magnetic field in comparison with ordinary solenoid magnets 
or conventional permanent magnets (Oka et al. (2000)). Among the promising applications, an outstanding study has 
been conducted for NMR magnets. Nakamura et al. (2007) succeeded in detecting the NMR signals in the bore of 
piled-up bulk magnets for the first time in the world. Furthermore, Ogawa et al. (2011) showed the MRI picture of 
an embryo of a mouse with use of the same system. Since such homogeneous magnetic fields are possible and to 
expand the practical application areas of bulk magnets, we aim to investigate the uniformity of the magnetic field in 
the gap between face-to-face positioned magnetic poles which contain a pair of bulk magnets and cryo-coolers (Oka 
et al. (2014)). In this paper, we present the magnetic field distributions of the bulk magnets which were activated by 
the pulsed field magnetization (PFM) technique. The uniformity is discussed from the view point of possible use for 
the compact NMR devices which have been never realized in the past. 
2. Experimental 
Figure 1 shows the face-to-face type bulk magnet system which was employed in the experiment. In order to 
install the bulk magnets in the system, we prepared a pair of Gd123 -based bulk magnets which were manufactured 
by Nippon Steel Co. and Dowa Mining Co.  The dimensions are 60 mm in diameter and 15 mm in thickness. A 
pulsed magnetic field less than 7 T was successively applied to the bulk magnets with use of a couple of pulse coils 
like in the IMRA method (Oka (2007)). The bulk magnets were activated as 1.8 T (N) and 1.4 T (S) poles, which 
were measured at each pole surface, and positioned face-to-face with gap less than 70 mm.  
As shown in Fig. 2, the trapped field distribution in the space between the magnetic poles was measured after the 
PFM process by scanning with a Hall sensor (F. W. Bell, BH703). We adopted a three-dimensional Hall sensor 
which gave us the information along the horizontal Bx and vertical By directions as well as the z-axis direction Bz 
which is along the centre axis of the bulk magnets. The sensors were intermittently scanned with a 2 mm pitch and 
an interval of 1 s. We measured the field distributions at the centre in the gap and in the region near the left-hand 
side pole surface, as shown in Fig. 2 and Fig. 5(b).  The magnetic field data B were expressed in their vector 
magnitudes. As shown in Fig. 3, the parameters A and Bmax were derived from curve fitting for the measured data. 
The uniformity U of magnetic field was defined by the following equation.   
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Fig. 1. Photo of the face-to-face HTS bulk magnet system 
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Fig. 2. Schematic view of the space measured between the magnetic poles. 
 
 
Fig. 3. Definition of uniformity U of the  
3. Results and discussion 
3.1. Distribution uniformity at the centre of the gap 
Since the magnetic field generated by the bulk magnets gives the strongest magnetic flux density just at the centre 
of the surface, the magnetic flux density at the centre of the space becomes weak and uniform with increasing gap 
size. The distribution however exhibits a conical shape, and the uniformity reached 5,421 ppm at 0.44 T even at the 
farthest position with a 70 mm gap between the magnetic poles. Then, in order to make the distribution smooth, we 
attached an iron plate of 2 mm thickness on the right-side pole surface generating 1.8 T. As shown in Fig. 4, the 
distribution exhibited concave shape in the region near the pole surface. It gradually changes to be conical with 
increasing distance from the surface. One can see the flat line at the position of 15 mm, as shown in Fig. 4(d). When 
a couple of magnetic poles bearing the iron plates were settled face-to-face, we obtained an almost flat distribution 
with a uniformity of 2,516 ppm at 0.477 T at the centre of a 60 mm gap. 
Bmax
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 Fig. 4. Magnetic field distributions (single pole with an iron plate) at 10, 15 and 20 mm from the pole surface with a gap size of 70 mm.  
3.2. Coupling the concave and conical distributions   
Figure 5 shows another arrangement of the magnetic poles. The iron plate is attached only on the left-hand side. 
And the concave and the countering conical shapes were precisely coupled between the gaps of 30 – 70 mm. We 
estimated the uniformity of the magnetic field distributions as a function of the distance along the z-axis from the 
pole surface, as shown in Fig. 5(b).  
Figure 6 shows the magnetic field uniformity with increasing distance from the left-hand side magnet surface as a 
function of the gap size between the poles. The data show a similar tendency in the distributions, and the profile in 
every gap has a minimum point in the valley in the region near the surface. The most uniform distribution of 358 
ppm at 1.11 T was obtained at 9 mm from the surface in the 30 mm gap. This performance is significantly above the 
level of 1,500 ppm, which would enable us to observe NMR signals.  
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4. Conclusion 
The uniformity of the magnetic field was improved showing an almost flat distribution in the region near the pole 
surface when the concave and conical magnetic field distributions were coupled together with use of an iron plate 
attached to the pole surface. We obtained a best uniform distribution of 358 ppm at 1.11 T at 9 mm distance from 
the magnetic pole on the left-hand side. The uniformity as a function of various gap sizes exhibited similar profiles. 
This suggests that the minimum values lies in the valleys in the regions from 9 to 13 mm distance from the pole 
surface. It is worth noting that the distributions may be improved when we would adjust the peaks more precisely. 
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Fig. 5. Schematic illustration of (a) coupled magnetic poles and  (b) measured planes between them. 
Fig. 6. Magnetic field uniformity measured in the space between various gaps of face-to-face magnetic poles attached an 
iron plate on one side.  
